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Production and hosting byAbstract We synthesize significant recent results on the deep structure and origin of the active volca-
noes in mainland China. Magmatism in the western Pacific arc and back-arc areas is caused by dehydra-
tion of the subducting slab and by corner flow in the mantle wedge, whereas the intraplate magmatism in
China has different origins. The active volcanoes in Northeast China (such as the Changbai and Wuda-
lianchi) are caused by hot upwelling in the big mantle wedge (BMW) above the stagnant slab in the
mantle transition zone and deep slab dehydration as well. The Tengchong volcano in Southwest China
is caused by a similar process in the BMW above the subducting Burma microplate (or Indian plate).
The Hainan volcano in southernmost China is a hotspot fed by a lower-mantle plume which may be asso-
ciated with the Pacific and Philippine Sea slabs’ deep subduction in the east and the Indian slab’s deep
subduction in the west down to the lower mantle. The stagnant slab finally collapses down to the bottom
of the mantle, which can trigger the upwelling of hot mantle materials from the lower mantle to the
shallow mantle beneath the subducting slabs and may cause the slabeplume interactions.
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From the viewpoint of plate tectonics, there are basically three types
of volcanism on Earth: mid-ocean ridge volcanism, subduction
zone (or arc) volcanism, and intraplate volcanism (or hotspots). The
causes of the volcanism along the plate boundaries (i.e., the mid-
ocean ridges, island arcs and/or continental margins) have beenwell
understood after tens of years of studies by using geophysical,
geochemical and petrologic approaches, although further investi-
gations are needed for clarifying more detailed processes. For
example, a general consensus has been reached that arc and back-
arc magmas are generated as a result of combination of corner flow
in the mantle wedge and fluids from the dehydration of the sub-
ducting oceanic plate (e.g., Abdelwahed and Zhao, 2007; Iwamori
and Zhao, 2000; Stern, 2002; Tatsumi and Eggins, 1995; Zhao et al.,
1992, 2009b).
Figure 1 Map showing the surface topography of the Western Pacific and East Asia (Zhao et al., 2009a). Red triangles show the four active
intraplate volcanoes in China: Wudalianchi, Changbai, Tengchong, and Hainan. The dashed lines show the depth contours of the Wadati-Benioff
deep seismic zone in the subducting Pacific slab. The red box shows the tomographic inversion area as enlarged in Figs. 3 and 4.
Figure 2 Vertical cross sections of whole-mantle P-wave tomography along the profiles shown on the insert map (Zhao, 2004). Red and blue
colors denote low and high velocities, respectively. The velocity perturbation scale is shown above the map. The white dots show earthquakes that
occurred with 100 km from each profile. The two solid lines denote the 410 and 660 km discontinuities. The black triangles show active
volcanoes. The reverse triangles show the location of the oceanic trench.
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Figure 3 Distribution of seismic stations and earthquakes used in the tomographic imaging of the structure under the Changbai volcano (Zhao
et al., 2009a). (a) 645 seismic network stations (black triangles) and 19 portable seismic stations (solid squares) deployed around the Changbai
volcano. (b) Epicenter distribution of 4802 local and regional earthquakes used. The big triangles show the location of the Changbai volcano. (c)
Epicenter locations of the 9599 teleseismic events (star symbols). The concentric circles show the distances (30, 60 and 90 degrees) from the
center of the study area. (d) Tectonic background around the Changbai volcano (the red triangle). Solid lines show the major active faults. Black
and yellow triangles denote the permanent and portable seismic stations, respectively.
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magmatism is still a puzzle. A mantle plume hypothesis was
proposed to explain the intraplate volcanism, but the issue has been
debated during the last decade (see recent reviews by Campbell,
2007; Zhao, 2007). In mainland China, it is still not very clear
whether hotspots or mantle plumes exist or not, but there are
certainly many Cenozoic volcanoes, and a few of them are still
active now, such as the Changbai andWudalianchi volcanoes in NE
China (Liu, 1999; Liu, 2000), the Tengchong volcano in SWChina,
and the Hainan volcano in southernmost China (Hainan Island)
(Fig. 1). Thesevolcanoes have eruptedmany times in the history. For
example, the Changbai volcano erupted six timesdin BC 1120, AD
1050, 1413, 1597, 1668, and 1702 (Simkin and Siebert, 1994), the
Wudalianchi volcano erupted during 1719e1721 (Liu, 2000), the
Tengchong volcano erupted during 1465e1620, and the Hainan
volcano has erupted many times since the Eocene (Liu, 2000;
Simkin and Siebert, 1994).
In this article we synthesize the recent multi-scale tomographic
studies on the deep structure and origin of the active volcanoes in
mainland China. Although many studies have been made on the
crustal structure under the Chinese volcanoes by using variousgeophysical approaches, those previous results provide little
insight into the deep structure and origin of these volcanoes. Here
we focus on recent seismic studies of the mantle (or upper mantle)
structure under the active volcanoes in China, and discuss their
implications on mantle dynamics under the East Asia region.2. Active volcanoes in Northeast China
In recent years several geophysical approaches have been used to
investigate the crust and uppermost mantle structure under the
Changbai volcano. For example, magnetotelluric soundings
detected a high-conductivity layer in the crust under the volcano
(Tang et al., 2001); seismic explosion studies revealed low-
velocity (low-V) anomalies in the crust and uppermost mantle
beneath the volcano that are considered to reflect magma cham-
bers (Zhang et al., 2002). Some researchers considered the
Changbai volcano as a hotspot like Hawaii (e.g., Turcotte and
Schubert, 1982), while others suggested that its formation was
associated with the subduction of the Pacific plate, upwelling of
Figure 4 (a) Eastewest and (b) northesouth vertical cross sections of P-wave velocity tomography along profiles shown in (c) (Zhao et al.,
2009a). Red and blue colors denote slow and fast velocity anomalies, respectively. The velocity perturbation scale is shown beside (a). The black
triangles denote the active Changbai volcano. Dashed lines show the 410-km discontinuity. (c) Map showing locations of the two cross sections in
(a) and (b). The red triangle denotes the Changbai volcano. Black crosses and white dots show the shallow (0e30 km) and deep (450e600 km)
earthquakes.
Figure 5 (a) Plan view and (b) east-west vertical cross-section showing the distribution of compressive axis (P-axis) of deep earthquakes under
the Japan Sea and East Asia (Zhao et al., 2009a). The solid triangles denote active and Quaternary intraplate volcanoes. The vertical cross-section
is along line AeB shown in (a). The hatched zone in (b) denotes the subducting Pacific slab.
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Figure 6 Two plausible models on the wet upper mantle beneath
Northeast Asia estimated from electrical and seismic observations
(modified from Ichiki et al., 2006).
Deep structure and origin of Chinese volcanoes 35the hot asthenospheric materials, and lithospheric fractures (e.g.,
Tatsumi et al., 1990).
Recent global tomographic studies have revealed the large-
scale mantle structure under the East Asia region and provide
important insights into the origin of the active volcanoes in NE
China. Fig. 2 shows two vertical cross sections of whole-mantle P-
wave tomography under the Changbai and Wudalianchi volcanoes
(Zhao, 2004, 2009). About one million arrival times of first P-Figure 7 Big mantle wedge (BMW) model proposed to illustrate the tec
Zhao et al., 2004, 2007). The subducting Pacific slab becomes stagnant in
BMWand deep dehydration reactions of the subducting slab cause upwelli
continental rift systems as well as intraplate volcanoes in northeast Asia.wave and later phases (pP, PP, PcP, and Pdiff waves) were used in
the inversion; depth variations of the Moho, and the 410 and
660 km discontinuities were also taken into account (for details,
see Zhao, 2004). In the upper mantle, the subducting Pacific slab
is imaged clearly as a high-velocity (high-V) zone. Earthquakes
occur down to about 600 km depth within the slab and define
a clear Wadati-Benioff zone (Figs. 1 and 2). Under East Asia, the
Pacific slab becomes stagnant in the mantle transition zone. The
upper mantle above the Pacific slab exhibits strong low-V anom-
alies under the Changbai and Wudalianchi volcanoes. Domains of
high-V anomalies are also visible in the lower mantle under the
stagnant slab, and they have piled up in the lowermost mantle,
representing pieces of old Pacific slab materials collapsing down
to the core-mantle boundary (CMB) (Maruyama, 1994; Zhao,
2004, 2009).
Huang and Zhao (2006) determined a high-resolution
regional tomography down to 1300 km depth under all of East
Asia by applying the tomography method of Zhao, (2001) to
about one million arrival-time data of P, pP, PP and PcP waves
from 19,361 earthquakes recorded by 1012 seismic stations.
Their model revealed significant low-V anomalies under the
Japan Islands, Japan Sea and eastern China in the depth range
of 0e200 km. The low-V zones extend gradually westward with
increasing depth. Such a wide extent of low-V zones under East
China is consistent with the recent results indicating thinning of
the lithosphere under eastern China (e.g., Chen and Ai, 2009;
Menzies et al., 2007; Tian et al., 2009; Xu and Zhao, 2009).
Under the Changbai volcano, the low-V zone extends down to
about 300 km depth. At depths of 400e600 km, a broad high-V
anomaly is visible under eastern China, which shows the image
of the stagnant Pacific slab in the mantle transition zone
(Fig. 2). This regional tomography is generally consistent with
the global tomographic images.
A portable seismic network consisting of 19 stations was
installed in the Changbai volcanic area from June 1998 to April
1999 (Fig. 3d), which recorded seismic waveforms from sometonics and intraplate volcanism in Northeast Asia (Lei and Zhao, 2005;
the mantle transition zone. The convective circulation process in the
ng of hot and wet asthenospheric materials, leading to the formation of
36 D. Zhao, L. Liudistant earthquakes (Wu and Hetland, 1999). The waveform data
were used to estimate the depth distribution of the Moho, and the
410 and 660 km discontinuities under the Changbai area with tele-
seismic receiver-function methods (Ai et al., 2003; Hetland et al.,
2004; Li and Yuan, 2003). Precise P-wave arrival times from 68
teleseismic events recorded by the 19 portable stations and three
permanent stations of the Chinese Digital Seismic Network were
used to determine the first local tomography of the crust and upper
mantle under the Changbai volcano (Lei and Zhao, 2005; Zhao et al.,
2004). The tomographic results show a prominent low-V zone
extending down to about 400-km depth under the Changbai volcano
and a high-V anomaly in the mantle transition zone. However, the
first tomographic images have a lower lateral resolution (about
200 km) because of the small data set used in their studies.
Recently Zhao et al. (2009a) determined a high-resolution 3-D
P-wave velocity structure down to 650 km depth under the
Changbai volcano by using a greater number of high-quality data.
They used 645 analog and digital seismic stations of the Chinese
Seismic Network and 19 portable seismic stations deployed by
Wu and Hetland (1999) (Fig. 3a and d). The 19 portable stations
were located around the Changbai volcano (Fig. 3d). Most of the
permanent seismic stations are located west of Changbai and there
are no stations on the Korea peninsula and Japan Sea. However,
the use of data from many teleseismic events in the eastern
hemisphere (Fig. 3c) recorded by the portable and permanent
stations has provided crisscrossing seismic rays in the upper
mantle under the Changbai volcano. Zhao et al. (2009a) used
49,799 arrival times from 4802 local and regional earthquakes
from 1980 to 2005 (Fig. 3b), and 239,519 arrival times from 9599
teleseismic events that occurred during 1980e2002 (Fig. 3c). The
picking accuracy of the arrival times is estimated to be 0.1e0.2 s.
The 548 teleseismic data recorded by 22 stations in the Changbai
area measured by Lei and Zhao (2005) were also used (Zhao et al.,Figure 8 Distribution of seismic stations and earthquakes used to study
China (Lei et al., 2009a). (a) 35 seismic stations (open triangles) and 2761
shown in bold curved lines. TC, Tengchong volcano. (b) 602 teleseismic ev
90 and 105) from the center of the study area.2009a). The resolution of the resulting tomographic images is
70e80 km in the horizontal direction and 20e80 km in depth.
Fig. 4 shows the newly obtained P-wave tomographic
images along two vertical cross sections beneath the Changbai
volcano. A clear low-V anomaly is visible down to 410 km
depth under the Changbai volcano. In the NeS vertical cross
section (Fig. 4b) the low-V zone is confined directly beneath
the Changbai volcano, whereas it spreads toward both west and
east in the asthenosphere (250e400 km depth) in the EeW
cross section (Fig. 4a). A continuous high-V anomaly is clearly
visible in the lower portion of the mantle transition zone, and
deep earthquakes occurred within the high-V zone in the depth
range of 480e600 km. Referring to the regional and global
tomography results (Fig. 2), we believe that the high-V zone
represents the stagnant Pacific slab in the transition zone. A
significant difference between the new result and the previous
ones is that the stagnant Pacific slab is about 100 km thick in
the new tomographic images (Fig. 4), rather than 200-km thick
slab defined by previous tomographic studies (Lei and Zhao,
2005; Zhao et al., 2004). This significant improvement in the
imaging of the stagnant Pacific slab is due to the much better
data set used, thus leading to the higher-resolution of the new
tomography (Zhao et al., 2009a).
The stress regime in the subducting Pacific slab was investi-
gated by using the focal mechanism solutions of deep earthquakes
under the Japan Sea and East Asia (Zhao et al., 2009a). It is found
that the compressive stress axes of almost all deep earthquakes are
nearly parallel with the down-dip direction of the slab (Fig. 5),
indicating that the entire Pacific slab is under a compressive stress
regime in the depth range of 200e600 km. We consider that this
stress regime is caused by the stagnant slab meeting strong
resistance at the 660 km discontinuity and is consistent with the
seismic tomography results (Figs. 2 and 4).the 3-D velocity structure under the Tengchong volcano in Southwest
local earthquakes (white dots). National and provincial boundaries are
ents (open squares). The concentric circles show the distances (30, 60,
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China were estimated from the electrical conductivity and P-wave
velocity under the region (Ichiki et al., 2006) (Fig. 6). It is found that
in the deep part of the upper mantle (250e400 km depth), neither
the dry pyrolite nor dry harzburgite conditions provide consistent
electrical and seismic geotherms, while the discrepancy can be
explained by allowing for a small amount of water (500e1000 ppm
H/Si) with the seismic geotherm. In the shallow mantle (<250 km
depth), the electrical and seismic geotherms are consistent with
each other within 1500e1700 C under dry harzburgite conditions,
but they are inconsistent by more than 100 C under dry pyrolite
conditions. Alternatively, a wet pyrolite condition applied to the
deeper part of the upper mantle both satisfies the electricalFigure 9 (a) North-south, (b) east-west and (c) SWeNE vertical cross-
volcano (red triangle) in SW China. Red and blue colors denote slow and f
shown beside (c). The dashed lines show the Moho, 410 and 660 km disc
ducting Burma (or Indian) plate and the Tengchong volcano. The reverse
location of the 2003 Dayao earthquake (DYE, M 6.2). After Lei et al. (20conductivity and seismic structure in the shallow mantle. These
results suggest that the entire upper mantle, or at least the
asthenosphere under NE Asia, contain fluids, which is consistent
with the tomographic results showing prominent low-V anomalies
down to 410 km depth (Figs. 2 and 4). The wet upper mantle is
possibly caused by deep dehydration reactions of the stagnant
Pacific slab that contains sufficient amount of hydrous minerals
down to transition zone depths (Komabayashi et al., 2004; Ohtani
et al., 2004; Ohtani and Zhao, 2009; Shieh et al., 1998).
The tomographic images (Figs. 2 and 4) suggest that the Changbai
andWudalianchi volcanoes are a type of back-arc intraplate volcanoes
whose formation is closely related to the deep subduction of the Pacific
slab and its stagnancy in the mantle transition zone. The broad upper-sections of P-wave tomography passing through the active Tengchong
ast velocity anomalies, respectively. The velocity perturbation scale is
ontinuities. (d) A cartoon showing the relationship between the sub-
white triangle in (b) and the black star in (d) denote the hypocenter
09a).
Figure 10 Distribution of (a) portable seismic stations and (b) teleseismic events (dots) used to determine the 3-D P-wave tomography under
the Tibetan Plateau (He et al., 2010). The concentric circles in (b) show the distances (30, 60, and 90 degrees) from the center of the study area.
38 D. Zhao, L. Liumantle region above the stagnant Pacific slab may have formed a big
mantle wedge (BMW) under the Japan Sea and NE China (Fig. 7).
Slow velocity anomalies in the back-arc region are generally associ-
ated with back-arc magmatism and volcanism caused by the deep
dehydration process of the subducting slab and the convective circu-
lation process in the mantle wedge (Stern, 2002; Zhao et al., 1997).
These processes may have led to a large-scale upwelling of the hot
asthenosphere under NEAsia and caused both continental rift systems
and intraplate volcanism in the region. Because the very old (hence
very cold) Pacific plate is subducting beneath East Asia at a rapid rate
(7e10 cm/y), the dehydration reactions may not be fully complete at
shallow depths (100e200 km) of the mantle. Hydrous MgeSi
minerals in the subducting Pacific slab may continue to release fluids
through dehydration reactions at the depths of mantle transition zone
(Inoue et al., 2004; Komabayashi et al., 2004; Ohtani et al., 2004;
Ohtani and Zhao, 2009). Deep dehydration reactions of the rapidly
subducting Pacific slab have also been found in the Tonga subduction
zone (Conder and Wiens, 2006; Zhao et al., 1997).
Tatsumi et al. (1990) invoked asthenospheric injection to
explain the formation of the Wudalianchi and Changbai volca-
noes, but they did not consider the stagnant Pacific slab under the
region because such a slab structure was unknown at the time.
Zhao et al. (2004, 2007) and Lei and Zhao (2005) first proposed
the BMW model to emphasize the roles of the stagnant Pacific
slab and the big mantle wedge in the formation of East Asian
intraplate volcanism (Fig. 7). The widespread extensional rift
systems and active fault zones in Eastern Eurasia are the surface
manifestation of a deep dynamic process such as deep subduction
of the Pacific slab, upwelling of hot asthenospheric materials,
lithospheric fractures and intracontinental rifting (e.g., Zhao et al.,
2004, 2006b). Recent results of S-wave splitting (Liu et al., 2008),
geochemical analysis (Chen et al., 2007; Kuritani et al., 2009; Zou
et al., 2008), and computer simulations (Zhu et al., 2010) all
support this BMW model. Zou et al. (2008) presented U-series
data and trace element data which argue against the deep dehy-
dration process and suggested that the piling up and thickening of
the stagnant Pacific slab in the transition zone, together with the
convective circulation process in the BMW, help drive the
asthenosphere upwelling and induced decompression melting.3. Tengchong volcano in Southwest China
During the Cenozoic, the IndiaeAsia collision has not only
formed compressional structure in southern Tibet, but has also
caused extensional structure in southeastern Asia (Yin and
Harrison, 2000). The active Tengchong intraplate volcano in
southwest China is located on the southeastern margin of this
collision zone and its last eruption occurred in 1609. At present,
numerous hot springs exist in the Tengchong volcanic field that
overlies a gneissic basement with minor amphibolites and is
characterized by rift-related volcanic activity throughout the
last ca. 5 Ma (Yin and Harrison, 2000). Many studies have been
made of the Tengchong volcanic area, and some important
results have been obtained. The Tengchong volcanic area
exhibits a higher geothermal gradient (Zhao et al., 2006a),
a lower seismic velocity in the crust and uppermost mantle (Hu
et al., 2008; Huang and Zhao, 2006; Wang and Gang, 2004),
and a higher ratio of He3/He4 (Shangguan et al., 2000), sug-
gesting the existence of magma chambers and hot materials
under the region. However, the origin of the Tengchong volcano
is still debated. Some researchers suggested that it is related to
the subduction of the Burma microplate down to 400 km depth
(Huang and Zhao, 2006), while others proposed that its origin is
ascribed to the subduction of the Indian plate down tow150 km
(Hu et al., 2008) or w200 km depth (Wang and Gang, 2004).
Global tomographic models provide no useful information on
the volcano because of their lower spatial resolution of
300e500 km (e.g., Zhao, 2001; Zhao, 2004). Local tomo-
graphic models for this region are valid down to only 80 km
depth (e.g., Huang et al., 2002).
A high-resolution P-wave tomography of the crust and upper
mantle under the Tengchong area down to 650 km depth was
determined by using a large number of arrival-time data from local
and teleseismic events recorded by a new digital seismic network
consisting of 35 seismic stations in Yunnan Province, China (Lei
et al., 2009a) (Fig. 8). A clear low-V zone with a width of about
100 km is revealed under the Tengchong volcano down to 410 km
depth, and it extends toward the east in the depth range of
Figure 11 Vertical cross-section of P-wave tomography under the Tibetan Plateau along a profile shownon the insertmap (He et al., 2010). Red and
blue colors denote slow and fast velocities, respectively. The velocity perturbation scale is shown at the bottom. The surface topography is shown
above the cross section.
Deep structure and origin of Chinese volcanoes 39250e410 km. High-V anomalies are revealed in the mantle tran-
sition zone under Tengchong (Fig. 9aec). Asian regional
tomography (Huang and Zhao, 2006) shows the subducting Burma
(or Indian) slab west of Tengchong. These local and regional
tomographic results suggest that the origin of the Tengchong
volcano is related to the deep subduction of the Burma microplate
(or Indian plate) and its stagnancy in the mantle transition zone
(Fig. 9d), a condition similar to that of the Changbai volcano in
NE China (Fig. 7).
The subducting Indian plate is better imaged beneath the Tibetan
Plateau by the inversion of teleseismic data recorded by portable
seismic stations deployed to date in the Tibetan Plateau (He et al.,
2010) (Fig. 10). Two low-V zones are visible in the crust and
mantlewedge above the subducting Indian slab (Fig. 11), whichmay
represent high-temperature anomalies or partial melts associated
with corner flow and slab dehydration processes, similar to theformation of arc magmas, although the slab is a subducting conti-
nental plate (Zhao andOhtani, 2009). In theTibetanPlateau, there are
no prominent volcanoes, but geothermal anomalies exist extensively
(He et al., 2010; Liu, 1999). Because dehydration of the subducting
continental platemaynot be asmuchas that of the subducting oceanic
plate, and because the crust is so thick in Tibet, melts in the upper-
mantle wedge cannot reach the surface easilydhence, active volca-
noes are not present in the Tibetan Plateau.4. The Hainan hotspot and plume
The Hainan volcano is located on Hainan Island in the southern-
most portion of mainland China (Fig. 1). It has erupted many
times since the Eocene. The Pliocene and Quaternary volcanism at
Hainan Island can be grouped into two major eruptive stages,
Figure 12 Distribution of seismic stations and earthquakes used to study the 3-D velocity structure under the Hainan volcano (Lei et al.,
2009b). (a) Nine seismic stations (triangles). The station code is shown beside each station. The black dot denotes the Hainan hotspot, while
the double-circle denotes the location of Haikou city. (b) 138 teleseismic events (diamonds). The concentric circles show the distances (30, 60, 90
and 105) from the center of the study area (open triangle).
Figure 13 Distribution of P-wave ray paths in (a)map view and in (b) the northesouth and (c) eastewest vertical cross-sections (Lei et al., 2009b).
Gray lines denote the ray paths of the local earthquake data, while black lines represent the ray paths of the teleseismic data.White triangles denote the
seismic stations used. Bold curves represent the coastlines.
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Deep structure and origin of Chinese volcanoes 41which are distributed in six eruption areas (Ho et al., 2000). The
early volcanism was dominated by flood type fissure eruptions of
quartz tholeiites and olivine tholeiites, whereas the later phase was
dominated by central type eruptions of alkali olivine basalts and
olivine tholeiites (Ho et al., 2000). The Hainan basaltic lava flows
are widely distributed and occupy an area (including Leizhou
peninsula) of over 7000 km2.
To date, many researchers have used geochemical and
geophysical approaches to study Hainan volcanism (e.g.,
Friederich, 2003; Ho et al., 2000; Lebedev and Nolet, 2003; Tu
et al., 1991; Zhu and Wang, 1989). Late Cenozoic volcanic
activity was very intensive in the Hainan region, where magmas
were erupted through a relatively young (late Paleozoic) and thin
(<33 km) continental crust (Zhou and Armstrong, 1982). Some
shallower geophysical features of Hainan Island were summarized
by Liu (2000) as follows: (1) a thin continental crust of 31e33 km
thick; (2) a high heat flow of up to 87 mW/m2; (3) a very high
vertical geothermal gradient of 5.5e8.0 C/100 m; (4) a 1e3 km-
thick low-V anomaly at 6e11 km depth in the crust; and (5) a lowFigure 14 (a) Northesouth, (b) eastewest and (c) NWeSE vertical cro
(red triangle) in southernmost China. Red and blue colors denote slow and
shown beside (b). The dashed lines show the Moho discontinuity. (d) Map s
triangles) used in the tomographic inversion. After Lei et al. (2009b).resistivity layer ca. 5 km thick at 6.3e11.6 km depth. Pn travel-
time data show a low-V anomaly around Hainan Island in the
uppermost mantle (Liang et al., 2004). Regional tomography
revealed low-V anomalies down to 1300 km depth (Huang and
Zhao, 2006) beneath the Hainan region. A surface-wave tomog-
raphy of East Asia shows a low-V anomaly beneath Hainan Island
from the crust to a depth of about 660 km (Lebedev and Nolet,
2003). Friederich (2003) also revealed a similar low-V anomaly,
but its depth range does not exceed 450 km, perhaps because
Hainan is near the southern edge of his study region. Global
tomography shows a low-V anomaly beneath the Hainan hotspot
extending down to about 1900 km depth to the lowermost mantle
(Zhao, 2001; Zhao, 2004). However, because all of these models
have a spatial resolution of only 200e500 km or larger they do not
confirm the existence of a Hainan plume in the crust and upper
mantle.
The Hainan seismic network has been in operation since
1999, and consists of 9 digital seismic stations (Fig. 12a). A few
studies have been conducted to investigate deep structure underss sections of P-wave tomography passing through the Hainan volcano
fast velocity anomalies, respectively. The velocity perturbation scale is
howing the locations of the cross-sections and 9 seismic stations (white
42 D. Zhao, L. LiuHainan by applying the receiver-function technique to the data
recorded by the broad-band seismic station QIZ of the Hainan
network (Fig. 12a) (Qiu et al., 2006; Yang and Zhou, 2001).
These results demonstrate the existence of a thin mantle transi-
tion zone under QIZ. Lei et al. (2009b) conducted a joint
inversion of local and teleseismic data (Fig. 12b) recoded by the
Hainan seismic network to determine a P-wave tomography of
the crust and upper mantle beneath Hainan. Because of the small
aperture of the Hainan seismic network and seismic rays that
crisscross down to about 300 km depth (Fig. 13), the tomography
can only be determined to 300 km depth (Fig. 14). A NWeSE
dipping low-V zone is clearly revealed beneath Hainan Island,
which is considered to represent a mantle plume feeding the
Cenozoic volcanoes in Hainan. The tilting of the Hainan plume
may be caused by mantle flow, similar to other mantle plumes in
the Pacific, Atlantic and Indian Oceans, such as those Hawaii,
Iceland and Kerguelen hotspots (Zhao, 2001, 2004; Gupta et al.,
2009). The observed deflection of the Hainan plume is
compatible with the results of computer simulations of mantle
flow (Lei et al., 2009b).5. Discussion
Tomographic inversion is a complicated operation, and the
results obtained are affected by several factors. The tomographic
images, as shown above, have different resolution scales and
different amplitudes of velocity anomalies. The resolution scale
of a tomographic image is determined by the density of ray path
coverage and the degree of ray crisscrossing, which are
controlled by the density of seismic stations and earthquakes
used. The amplitude of velocity anomalies determined by seismic
tomography is affected by damping and smoothing regulariza-
tions, which are required for stabilizing tomographic inversions
because of the uneven distribution of seismic rays in the crust and
mantle under a given study area. Thus, the amplitude of velocity
anomalies in the real Earth is hard to recover fully and the degree
of recovery depends on the scale of the study area as well as the
density and homogeneity of the ray path coverage. In local-scale
tomography (e.g., Zhao et al., 1992, 2009b), seismic stations and
earthquakes have a relatively uniform distribution, and so weak
damping and smoothing are applied, leading to better recovering
of the amplitude of velocity anomalies that can be up to 6%. In
contrast, strong damping and smoothing have to be applied in
global or large-scale regional tomography because of the very
uneven distribution of seismic stations and earthquakes. This
leads to a smaller amplitude of velocity anomalies (1e2%).
Therefore, for the interpretation of the amplitudes one should
carefully consider the damping and smoothing regularizations as
well as the scale of the tomographic models.
The tomographic images under the Chinese volcanoes shown
above are still preliminary because the coverage of seismic
stations in each of the volcanic areas still needs improvement. In
the Wudalianchi volcanic area, there is no dense seismic network.
As a consequence there is still no local tomography model of the
crust and upper mantle there (Duan et al., 2009). A network of
permanent or portable seismic stations should be deployed in
order to clarify the deep structure and origin of the Wudalianchi
volcano. In the Changbai volcanic area, seismic stations exist
only in the Chinese side, with no stations in the Korean side and
in the Japan Sea area (Fig. 3d). Deploying seismic stations on the
southeastern side of the Changbai volcano is necessary toimprove the tomographic images under the volcano. In the
Tengchong volcanic area, seismic stations are located only east of
Tengchong (Fig. 8a). Installing seismic stations west and south of
Tengchong is needed to improve the 3-D velocity structure under
that volcano. The seismic network on Hainan Island is still very
sparse (Fig. 12a). It is necessary to deploy more stations on the
island as well as some ocean-bottom-seismometers (OBS) around
Hainan Island to determine a better tomographic image under the
Hainan hotspot. Because the aperture of the present Hainan
seismic network is small, teleseismic tomography has revealed
the structure down to a depth of only 300 km. By adding OBS
stations around Hainan Island, the aperture of the seismic network
will become larger, and deeper structure under Hainan can be
determined. Using the teleseismic tomography method (Zhao
et al., 1994, 2009a), we can determine a tomographic model to
a depth that is roughly 1.5 times the aperture of the seismic array
used. Consequently, it is very important and effective to deploy
more seismic stations in and around these volcanic areas in order
to obtain better tomographic images beneath them so as to clarify
their origins.
6. Conclusions
Our current understanding of the deep structure and origin of the
Chinese volcanoes studied here can be summarized as follows.
(1) The active Changbai and Wudalianchi volcanoes in northeast
China are not, like Hawaii, hotspot related. They are caused
by hot upwellings in the big mantle wedge above the stagnant
Pacific slab in the mantle transition zone under East Asia, and
by deep slab dehydration as well.
(2) The Tengchong volcano in southwest China is caused by
a similar process in the big mantle wedge above the sub-
ducting Burma microplate (or Indian plate).
(3) The Hainan volcano in southernmost China is a hotspot fed by
a lower-mantle plume associated with the Pacific and Philip-
pine Sea slabs’ deep subduction in the east and the Indian slab’s
deep subduction in the west, both down to the lower mantle.
Stagnant slabs can eventually collapse to the bottom of the
mantle, a phenomenon that can trigger the upwelling of hot mantle
materials from the lower mantle to the shallow mantle. Some hot
upwellings may reach beneath the subducting slabs and may cause
slabeplume interactions. In order to obtain better tomographic
images under the active volcanoes in China and to clarify their
origins, it is necessary to deploy more seismic stations in and
around the volcanic areas.Acknowledgements
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